Abstract: This paper analyzes the performance of coherent free-space optical (FSO) system employing the switch-and-stay (SSC) dual diversity receiver. The intensity fluctuations of the optical signal are modeled by Gamma-Gamma distribution, being caused by atmospheric turbulence. In addition, pointing errors are taken into account. Novel analytical expressions for the outage probability are derived. The general scenario of unbalanced average signal-to-noise ratios (SNRs) of independent and identically distributed SSC branches is considered, which is further simplified to the balanced SNR case. The effects of various system and channel parameters are investigated and discussed.
Introduction
As new rewarding modern technology, free-space optics (FSO) has received a notable research attention. Many advantages, such as high data rate capacity, license-free and low-cost optical wireless transmission, are the reason for the FSO systems to be adopted as the "last mile" solution being alternative or complementary technology to already existing radio frequency networks [1 − 4] . The main reasons of optical signal degradation, during transmission via atmospheric channel, are atmospheric turbulence and pointing errors. The variations in atmospheric temperature and pressure lead to the atmospheric turbulence, i.e., optical signal intensity fluctuations, which are modeled by Gamma-Gamma distribution [2 − 4] . The pointing error or misalignment fading occurs due to poor alignment of the FSO transmitter laser and receiver detector [5 − 9] . In this paper, we adopt statistical model proposed in [5] to describe the effect of pointing errors, when the size of the receiver detector is not neglected. It is assumed that the both horizontal and vertical displacements are modeled by independent identical Gaussian distributions [5] . The final probability density function (PDF) of the optical signal intensity, when both Gamma-Gamma atmospheric turbulence and pointing errors are considered, is presented in [7] .
As a method to mitigate the optical signal degradation due to mentioned phenomena, the spatial diversity techniques at the transmitter and/or receiver of the FSO system were proposed. The performance of the FSO system employing selection combining (SC), equal gain combining (EGC) or maximum ratio combining (MRC) was observed in [10, 11] , assuming weak and strong atmospheric turbulence conditions, respectively. Multiple-input multipleoutput FSO system influenced by Gamma-Gamma atmospheric turbulence was observed in [12] . Due to the ability to monitor and process only one diversity branch, the switched combining has received an attention as technique simpler for implementation [13] . In [14] , the FSO signal transmission over log-normal atmospheric turbulence channel was observed, when the switch-and-stay combining (SSC) or switch-and-examine (SEC) combining at the reception was employed. The FSO system performance with SSC diversity receiver, when the intensity fluctuations are modeled by Gamma-Gamma distribution was analyzed in [15] , while the pointing errors were taken into account in [16] .
Aforementioned works relating SSC assumed direct detection at the receiver part of the system. Inspired by mentioned studies above, in this paper we analyze the performance of FSO system with coherent detection, which employs dual-branch SSC receiving aperture. Both Gamma-Gamma atmospheric turbulence and pointing errors are taken into consideration. The assumption that FSO branches are at the adequate distance is adopted, so the correlation between optical beams is not present. The outage expressions are derived, for both unbalanced and balanced average signal-to-noise (SNR) scenarios of independent and identically distributed (i.i.d.) SSC branches.
The rest of the paper is organized as follows. Section II describes the system and channel model. The outage probability analysis is presented in Section III. Numerical results with discussions are given in Section IV. Section V presents some concluding remarks.
System and Channel Model
We consider the FSO system with dual-branch SSC diversity, while coherent detection is assumed at each receiver. The FSO systems with coherent detection refer to the systems with the local oscillator, which generates the optical wave that will be added to the received optical signal [3, 17] .
The instantaneous SNR, i γ , for each branch can be defined as [17, (2) ] , 1,2, [ ] , 1,2,
where [ ] Ε ⋅ represents the mathematical expectation.
The optical signal intensity fluctuations are caused by the Gamma-Gamma atmospheric turbulence, pointing errors and path loss. In this scenario, the optical signal irradiance of the i-th branch is I represents an attenuation due to pointing errors. The intensity fluctuations due to atmospheric turbulence are modeled by the Gamma-Gamma distribution, with the PDF of a I found in [7] . For describing the pointing errors effect, we use model which was proposed by Farid and Hranilovic in [5] , and the final closed-form PDF of p I is given in [7] . The path loss represents deterministic
where σ is the atmospheric attenuation coefficient and L is the propagation distance. If all mentioned FSO channel components are taken into account, the final PDF of i I is defined as [7, (12) 
where ( ) 
The parameters α and β are related to the atmospheric turbulence, and represent the effective numbers of small-scale and large-scale cells of the scattering environment, respectively, while the parameters ξ and A 0 are related to the pointing errors effect. The parameters α, β, ξ and A 0 will be defined in continuation.
The parameters α and β are the Gamma-Gamma atmospheric turbulence parameters, which are determined as
for the plane wave propagation and zero inner scale. They are dependent on the Rytov variance, which is defined as
where 2 k = π λ is the wave number with the wavelength λ, and 2 n C represents the refractive index structure parameter, which determines the atmospheric turbulence strength.
The parameter ξ in (3) is related to the pointing errors effect, and it is defined as
where the pointing error (jitter) standard deviation at the receiver is denoted by s σ . The equivalent beam waist at the receiver in (7), which is denoted by
is dependent on the beam waist at the distance L, denoted by L w , as follows
, and a is a radius of circular detector aperture. The 
where ( ) ( ) 
After utilizing [19, (07.34.16 .0001.01)] to reduce the order of Meijer's Gfunction in (11), the PDF of i γ is found as [20] ( ) ( ) ( )
The cumulative distribution function (CDF) of i γ is found by applying [ 
Outage Probability Analysis
This section presents an analysis of the observed system outage probability. We assume that dual-branch SSC diversity is applied at the receiver, so the outage probability is determined as the probability that the instantaneous SNR at SSC output, denoted by SSC γ , falls below a predetermined outage threshold, denoted by q. Besides general unbalanced SNR scenario, we also present the analysis of the simpler balanced SNR scenario.
Unbalanced SNR scenario
The outage probability of the system under investigation, when unbalanced SNR scenario is considered, represents the CDF of the instantaneous SNR at SSC output, SSC γ . By denoting the switching threshold as T γ , the CDF of SSC γ is determined as [21] ( ) ( ) ( ) ( )
where ( ) i F γ γ is defined by (13) , while ( )
Finally, the outage probability for unbalanced SNR scenario is found as ( ).
out ssc
Balanced SNR scenario
Under the assumption that the average SNRs of each branch are equal, i.e., (14), the CDF of SSC γ is found as [21] ( )
The outage probability for balanced SNR scenario is can be easily found as ( ).
Numerical Results
This section presents the numerical results obtained based on derived outage probability expressions in (16) and (18) . The atmospheric turbulence strength is defined by the index of refraction structure parameter as: 
Fig. 1 -Outage probability versus µ 1 for unbalanced SNR scenario. Fig. 1 shows the outage probability dependence on the average SNR, 1 µ , for unbalanced SNR scenario, assuming different values of the normalized jitter standard deviation. When branch unbalancing occurs, the increase of outage probability degradation is present. Hence, the best system performance is achieved when 1 2 µ = µ , corresponding to the balanced SNR scenario when signals at the receiver are with equal powers. Furthermore, it can be concluded that lower value of the normalized jitter standard deviation results in better system performance. When the normalized jitter standard deviation takes a lower value, the positioning of the FSO transmitter laser and receiver photodetector is better, and the pointing errors effect is less expressed. Furthermore, it is observed that the degradation due to the SSC branch unbalancing is not dependent on the pointing errors strength. 
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-1 The outage probability dependence on 1 2 µ = µ (balanced SNR scenario), for different values of the normalized jitter standard deviation in various atmospheric turbulence conditions is presented in Fig. 2 . System has better performance when the index of refraction structure parameter is lower, meaning the conditions of atmospheric turbulence are more favorable to perform wireless optical signal transmission. As it was concluded before, smaller normalized jitter standard deviation leads to better system performance. Also, from Fig. 2 can be observed that the pointing errors effect is more pronounced and have more impact on the system performance in weak atmospheric turbulence conditions. On the other hand, when optical signal transmission suffers from strong atmospheric turbulence, misalignment between FSO apertures has minor effect on the outage probability performance. 
Fig. 4 -Outage probability versus γ T .
In Fig. 3 , the outage probability dependence on 1 2 µ = µ is observed, considering different values of propagation distance. The results are obtained for different values of the switching threshold. System has better performance when the FSO link length is shorter. Regarding the switching threshold, the system has the best performance when the values of the switching threshold and outage threshold are equal.
The outage probability dependence on the switching threshold for different values of the average SNR is presented in Fig. 4 . When the transmitted optical power is greater, system has better performance. We can notice that the optimal value of the switching threshold can be obtained for minimal outage probability. This optimal value of the switching threshold is equal to the value of the outage threshold, i.e., T q γ = . In this case, the SSC receiver represents SC receiver, which gives the best outage probability performance.
Conclusion
In this paper, we have analyzed the coherent FSO system employing the SSC dual diversity receiver. It has been assumed that optical signal intensity fluctuations are result of the Gamma-Gamma atmospheric turbulence and the pointing errors. Novel expressions for the outage probability have been derived, considering general scenario of unbalanced average SNRs, as well as the simpler balanced SNR case when the signals at the receiver have equal powers. The impact of different system and channel parameters was observed and discussed.
It has been concluded that the SSC branch unbalancing causes significant outage probability degradation. Also, the degradation due to the unbalanced SNR is independent on the FSO channel state, such as pointing errors. Furthermore, strong atmospheric turbulence and pointing errors can cause serious performance degradation of the system. In addition, when FSO signal transmission is affected by strong atmospheric turbulence, pointing errors have negligible impact on the outage probability. It has been also concluded that the best system performance is achieved when the switching threshold value is equal to the outage threshold value, which means that the SSC receiver represents SC receiver.
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